Several non-threshold reactions which may be used to detect the cosmic neutrino background are presented. The corresponding cross sections are calculated analytically within the Standard Model. These reactions are sensitive not only to the electron neutrinos but also to the muon and tau neutrinos.
Introduction
The standard Big Bang cosmology predicts, along with the cosmic microwave background, the existence of a cosmic neutrino background (CNB).
Its present temperature (the mean kinetic energy of the neutrinos) is very low -about 1.95 K, which corresponds to the neutrino number density around 56 cm −3 for each active neutrino species.
Presently the existence of the CNB is suggested only by cosmological measurements [1] . A direct observation of the CNB is still a challenging * Email address: ialspbu@gmail.com problem. Various strategies have been proposed for searches of the relic neutrinos in laboratories [2, 3, 4] . A perspective one is the capture of the CNB neutrinos on beta decaying nuclei [4, 5, 6, 7, 8, 9, 10, 11] .
Several additional weak interaction based possibilities of detection of the CNB are presented in this Letter.
Induced muon decay
The muon decay
is very well known. It has entered textbooks many years ago and already become an integral part of every course on weak interactions.
Let us consider the following reaction related to (1) by crossing symmetry:
A notable property of the reaction (2) is that it has no energy threshold being therefore able to proceed even when the incident neutrino threemomentum p νµ tends to zero. This is crucial for detecting the CNB. The present temperature of the CNB predicted by standard Big Bang cosmology is about 10 −4 eV which implies that at least two of the relic neutrino mass eigenstates may be non-relativistic today, i.e. m ν i ≫ p ν i . It is interesting to note that in an alternative world in which physicists have developed the Standard Model but have not yet predicted the existence of the CNB, an observation of (2) would be thought of as a lepton number violating decay mode of the muon.
It is possible to distinguish (1) from (2) provided the energy resolution of the detector is less than m νµ /2. Actually, due to the non-zero neutrino mass there is a gap between the maximum energies of the positrons emitted in these reactions given by
This situation is qualitatively illustrated in Fig. 1 .
Since the momentum transfer in (2) at such conditions is much smaller than the W boson mass, it is enough to use the effective Fermi interaction to calculate the cross section. Then the corresponding matrix element represented by the Feynman diagram in Fig. 2 is
so that the cross section for (2) at p νµ → 0 reads
Here G F is the Fermi coupling constant. All the neutrino masses are neglected in (5) . The contribution of the terms ∼ m 2 e to the cross section is also negligible for the purposes of this Letter and can be safely omitted.
This will be done in the subsequent analysis.
One can find the mean lifetime of the muon at rest with respect to the "decay" (2) asτ
where j νµ is the flux of the CNB neutrinos in the muon rest frame given by j νµ = n νµ v.
Here n νµ is the number density of the CNB neutrinos, v denotes the mean velocity of the relic neutrinos in the rest frame. An estimation of the presentday mean lifetime in an earth-based laboratory (v ≈ 7.7 × 10 −4 c) leads to a large valuē
The muon neutrino content of the CNB can be probed via (2). However, one should take into consideration that the muon lifetime is obviously tiny in comparison to a duration of any reasonable experiment. In general, for an unstable target particle, one should take the time average of the sample accounting for the decay: There is another interesting perspective of detection of the CNB related to astrophysics. Calculations show that muons may appear inside compact stars, and at the densities of matter of a few times nuclear state densities the muon density becomes of the order of 10 37 cm −3 [14] . These muons may feel the CNB as well and decaying via (2) may affect the cooling processes of the stars. Detailed calculations are needed here and this is a subject of a separate consideration.
One also finds the cross section for an additional non-threshold reaction induced by the electron neutrino content of the CNB
to be
The corresponding mean lifetime of the muon is then determined bȳ
provided nν e = n νµ .
Discussion and conclusions regarding the reaction (9) are analogous to the ones given above. The formalism of this Letter directly applies to the tau lepton as well. All the characteristics of the reactions presented in this section will coincide with those of their CP conjugates (ν µ + µ − → e − +ν e , etc.) if CP is conserved.
Induced neutral pion decay
The Standard Model accommodates the following reaction [15, 16] :
which also has no threshold (l = e, µ, τ ).
The corresponding matrix element represented by the Feynman diagram in Fig. 3 
is [16]
Here e is the elementary electric charge, ε µ denotes the photon polarization vector, p π , p ν , p ′ ν , and q are the four-momenta of π 0 , the initial and final neutrinos and γ, respectively, F V is the vector form factor.
After the standard algebra one obtains the cross section of (12) for each neutrino flavor in the limit p ν l → 0:
where α is the fine structure constant. Details of similar calculations can be found in [16] .
The process (12) is distinguishable from the decay
because of the non-zero neutrino mass. Again there will be a gap between the maximum energies of the photons emitted in (12) and (15) 
The CNB can manifest itself through (12) in matter with a pion condensate. Such a state of matter may be naturally formed in compact stars. The existence of these pions or, more generally, states with the quantum numbers of the pion may provide an additional neutrino (photon) emission channel apart from other possible ones [17, 18, 19, 20] .
One can estimate the corresponding present-day neutrino (photon) emissivity of an object with the pion number density n π :
It is also interesting to consider possibilities of detection of the CNB in laboratory experiments which would exploit interaction of the CNB neutrinos with a pion condensate in atomic nuclei (provided, of course, such nuclei exist).
Induced charged pion decay
The CNB neutrinos may also induce charged pion decays. Consider the radiative decay
where l = e, µ.
Crossing (18) yields
which is a non-threshold reaction as well.
The tree level Feynman diagrams contributing to (19) are shown in Fig. 5 .
Let us consider only the incident electron neutrino. In this case the contributions of the diagrams (a) and (b) are helicity suppressed being proportional to m e exactly as in the case of the π e2 decay. For this reason we neglect them keeping only the diagram (c) which is free of the suppression.
Then the matrix element takes the form [21] :
where V ud is the Cabibbo-Kobayashi-Maskawa matrix element, F A is the axial-vector form factor. Throughout this Letter we set F V = 0.0272 and F A = 0.0112 [21] .
The cross section of the reaction ν e π − → e − γ reads
and the corresponding mean lifetime is 
Details of similar calculations can be found in [16] .
The relation between the spectra of the emitted electrons (photons) in (18) and (19) will be analogous to the ones discussed above.
Conclusions
Several non-threshold reactions which may be used to detect the CNB neutrino background are presented. Namely ν µ µ + → e + ν e ,ν e µ + → e +ν µ , ν l π 0 → ν l γ and ν e π − → e − γ. The corresponding cross sections are calculated analytically within the Standard Model. It is notable that these reactions are sensitive not only to the electron neutrinos but also to the muon and tau neutrino content of the CNB.
The CNB may manifest itself through these reactions in interactions with objects containing states with the quantum numbers of the pion (compact stars and/or atomic nuclei).
The presented analysis directly applies to other pseudoscalar mesons as well. For example, the cross sections and the other quantities for the kaon are obtainable just by performing the appropriate replacements in the formulae given in this Letter.
It is interesting that the discussed reactions mimic lepton number violation as well as angular momentum non-conservation. If we had not expected the existence of the CNB, we would have thought of these reactions in experiment as lepton number violating decay modes of µ and π. 
